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by
Robert W. Thomas and Keith Guard
Wolf Research and Development Corporation
and
Alfred C. Holland and John F. Spurling
NASA Wallops Flight Center
SUMMARY
This report summarizes the results of an initial study of techniques
for measuring atmospheric ozone that was carried out at NASA Wallops Station.
This study represents the first phase of a program designed to improve
techniques for the measurement of atmospheric ozone. The initial phase
was concerned with two distinct tasks.
1) A study of the effects of atmospheric transmission parameters
on ozone measurements.
2) An analysis of ozone measurement systems.
Under task 2 an analysis was performed to determine estimates of the
errors in total ozone data due to errors in the Dobson measurement process,
in instrument calibration and adjustment, and in the assumptions made in
deriving the data reduction equations. The analysis does not include the
effects of:
1) Systematic errors in determining the "extra-terrestrial con-
stant." The use of the technique of extrapolation to zero
optical path length is subject to error if the assumption of
no diurnal variation in total ozone is not valid.
2) The wavelength dependence of the scattering caused by particu-
late matter.
3) Errors in the ozone absorption coefficients used in the data
reduction.
The error in the total ozone inferred from Dobson direct sun measure-
ments using the A, D lines, due to the factors analyzed, was estimated to
be
AXAD = 010 atm-cm,
which is about 3% of the typical total ozone reading.
In the Electrochemical Concentration Cell (ECC) Ozonesonde an error
analysis of the effects of chart measurement error and of errors in the
instrument calibration and data reduction process results in an estimated
error in ozone partial pressure of
AP 3 = 4.6 imb,
which is 2% to 3% of the peak ozone partial pressure reading.
The above analysis, however, does not include the effects of possible
errors in the celf reaction equation. These errors are of undetermined
magnitude, but calibration tests against standard ozone generators indicate
agreement within .5%.
In the use of the ECC ozonesonde data to determine total ozone, errors
of over 5% are possible, if a secondary ozone maximum exists above the peak
altitude reached by the balloon borne sonde.
A limited intercomparison of data from the ECC ozonesonde and Dobson
Ozone Spectrophotometer was carried out, using data collected during the
Meteorological Rocket/Nimbus Satellite Data Comparison Experiment (RNSC),
in the summer of 1970. The results were that total ozone data obtained
from the two sources had a mean difference of 0.0005 atm.-cm., with an
estimated standard deviation of 0.008 atm.-cm. However, the sample used
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was quite small, using only 11 ECC measurements, and an extended program
of data comparison, that would also include data from satellite-borne
instruments, is recommended.
Under task 1 a Monte Carlo model of the Dobson ozone estimation was
assembled and tested. The model and the associated tests employed are dis-
cussed in section 4.0. The model was used to study the effects of molecu-
lar and aerosol scattering on ozone inferred from Dobson direct sun and
zenith sky observations. Our results show that in the model we have
employed the total ozone estimated using the standard equations for the
direct sun mode of the Dobson Spectrophotometer can be up.to 15% greater
than the correct value depending.on,the receiver field of view. The dis-
crepancy is due to two causes:
1) A discrepancy between our model of the ozone absorption cross-
section and that employed by Dobson. The results demonstrate
the sensitivity of the total ozone estimate to the assumed
variation of total ozone cross section with temperature, and
the assumed vertical ozone and temperature profiles.
2) Single and multiple scattered radiation entering the receiver,
principally radiation scattered by aerosols.
The results for the zenith sky measurements show that in our model the
total ozone is overestimated by a few percent when aeroso4 are not present
but that the effect of single and multiple scattering by aerosols is to
reduce the ozone estimate so that an underestimation can occur.
In all of the results considered we found that when aerosols were pre-
sent the effect of multiple scattering was as great if not greater than
that of single scattering. Thus a detailed investigation of the influence
of multiple scattering on the Umkehr experiment is necessary.
Recommendations - It is recommended that future work should emphasize
the following items:
1) Use of Monte Carlo model to study the sensitivity of Dobson
measurements to variations in ozone density and profile.
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2) Study Improvements in ozone measurement techniques.
3) Use the Monte Carlo model to study satellite-based, ultra-violet
back scattering techniques and their sensitivity to ozone varia-
tions.
4) Conduct an intercomparison of satellite-borne and ground-based
measurement systems similar to that performed during the Rocket/
Nimbus Sounder Comparison (RNSC).
INTRODUCTION
The subject of the quantity of ozone in the upper atmosphere has
recently gained increased attention because of questions relating to the
effect of Supersonic Transport exhaust gases on ozone concentration.
A variety of photochemical processes take place in the upper atmos-
phere of which only those involving the various forms of oxygen are impor-
tant in determining the amount of ozone. The inference of the "equilibrium
amount" of ozone is of considerable importance since the amount of ozone
that is present serves to block hazardous ultra-violet radiation from
reaching the earth's surface. A significant depletion in the protective
layer of ozone might present hazards to human life.
However, independent of questions of atmospheric pollution, the
problems of measurement and analysis to investigate the processes of ozone
generation by photochemical reactions, diffusion by atmospheric processes
and depletion by interaction with atmospheric trace elements have long
been of interest to the scientific and meteorological communities. A
primary reason for the interest is that knowledge of the processes of ozone
formation and diffusion is essential to understanding of atmospheric energy
exchange. As the ozone layer blocks the incoming ultra-violet radiation,
it absorbs heat energy which subsequently is important as a driving
mechanism of atmospheric motion. I
Also, below the photochemical region, at about 30km, ozone is a con-
servative element in the atmosphere in the absence of pollutants, and acts
as an excellent tracer for large and medium-scale atmospheric movements.
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Vertical and horizontal transport mechanisms in the stratosphere and upper
troposphere can be deduced by examination of vertical ozone concentration
profiles.
To summarize, ozone is a particularly important trace constituent
which:
1) strongly absorbs the damaging ultra-violet radiation
2) is a source of thermal energy in the stratosphere and is
responsible for the increase of temperature with height
3) plays a significant role in the overall transfer of solar
energy, and
4) assumes meteorological importance as a tracer to indicate
atmospheric circulation.
Ozone in the Stratosphere
Ozone is formed in the upper stratosphere (below about 45 kilometers)
by the photochemical action of solar ultra-violet radiations of wavelengths
1760 A.U. to 1925 A.U., by a process of disassociation of oxygen (02) into
free oxygen atoms, and by photochemical combination of oxygen atoms and
oxygen molecules into ozone. In this process the solar radiation in this
band is completely absorbed. Radiation in the band of 2200 A.U. to
2900 A.U. destroys ozone, in the process of being absorbed. During day-
light hours, a state of equilibrium between creation and destruction of
ozone is established above about 25 kilometers, resulting in the existence
of ozone at a nearly constant mixing ratio in that region.
Below 25 kilometers photochemical effects of radiation are nearly
non-existent, due to the absorption of most of the radiation above that
altitude. The air containing ozone is diffused downward in the strato-
sphere, and generally toward the poles in latitude, by atmospheric circula-
tion processes which are still under investigation.
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Within the stratosphere below 25 kilometers, ozone is considered to be
a conservative element, that is, one which is neither produced nor des-
troyed. Ozone is very unstable and is destroyed by the chemical action of
traces of water vapor or atmospheric pollutants. The concentration of these
substances is negligible in the stratosphere, thus ozone is conserved.
When the stratospheric ozone is moved into the troposphere by diffusion
or circulation, the ozone is rapidly diffused toward the ground and is des-
troyed.
Ozone Measurement Programs at Wallops Island
A program of regular weekly launchings of ozonesondes on balloons, in
conjunction with radiosondes, has been in operation at Wallops Island since
1967. Initially Wallops supported a program including five AFCRL stations
conducting regular ozone soundings, which was discontinued in 1969. NASA
Wallops, recognizing the need for "ground truth" measurements to support
experiments on board the Nimbus satellites investigated the use of an ECC
ozonesonde developed by the Atmospheric Physics and Chemistry Laboratory,
Boulder, Colorado. Wallops is now the only location in the United States
where a regularly scheduled program of ozonesonde launch is operating.
The ECC ozonesonde provides the best currently available method for
obtaining vertical ozone profiles providing structural detail to 30 or
35 km. These data are necessary if ozone structure is to be used as an
atmospheric tracer, and to provide profiles to be used as approximate
solutions in reduction of data from satellite-borne spectrometers or from
"Umkehr" measurements with the ground-based Dobson Spectrophotometer.
Since mid-1967, a program of regular observations of total ozone,
using a Dobson Spectrophotometer, has been in operation at NASA Wallops
Island. The instrument was obtained on indefinite loan from NOAA since it
was surplus to their needs. The observing program consists of three mea-
surements of total ozone per day, at about 10 AM, noon, and 2 PM, local
time, on a non-interfering basis to primary station activities. Weather
permitting, direct sun measurements are made, otherwise zenith sky measure-
ments are used. The Dobson instrument is a double-beam monochromator,
measuring relative intensities in the solar spectrum of two neighboring
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wavelengths in the ozone absorption band around 3000 Angstroms, from which
can be calculated total ozone in the column of air through which the sun-
light has passed. The instrument has been a measurement standard for
atmospheric ozone since the early 1930's when it was first developed.
In addition to total ozone measurements made by observing direct light
from the sun, the Dobson instrument can be used to obtain a first order
approximation to the vertical ozone profile by the Umkehr technique. The
Umkehr method uses a set of observations on the scattered sunlight from the
zenith sky, taken at times when the sun is at various zenith angles ranging
from 500 to 900. Since the estimates are based on theoretical profiles for
computation of absorption rates and of atmospheric scattering, the results
do not reveal detailed structure.
Theoretical Studies Conducted at Wallops Station
In order to provide a basis for estimating the quality of the ozone
data produced from the two measurement systems a program of theoretical
studies was initiated at Wallops Station. This report summarizes the
results of the first phase of that investigation. Two approaches were
taken, in parallel:
1) an analytical evallation and an erroranalysis of the Dobson
Spectrophotometer and ozonesonde calibration, operation, and
data reduction.
2) a Monte-Carlo investigation of the effects of scattering by
molecules and aerosols on the results of the Dobson instrument.
The analytical investigation was intended to:
1) Provide brief reviews of operating principles and procedures,
for both types of instruments.
2) Provide an evaluation of the methods of determining total ozone
by the Dobson Spectrophotometer and the determination of vertical
ozone concentration profiles by balloon borne ozonesondes.
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3) Present the results of data int.ercomparisons between the systems
studied to substantiate the error analysis, where possible.
The purpose of the Monte Carlo investigation was to determine the
effect on the reduced ozone data from the Dobson instrument of radiative
transfer phenomena, including:
1) single and multiple molecular scattering
2) single and multiple aerosol scattering.
ANALYTICAL INVESTIGATIONS
Dobson Spectrophotometer
System Description. - The Dobson Spectrophotometer is a specialized
double beam monochrometer, used for determining atmospheric ozone by
measuring the ratio of the intensities of two selected wavelengths of ultra
violet light in the solar spectrum. The wavelength pair is selected so that
one wavelength is much more strongly absorbed by ozone than the other, so
that the intensity ratio can be used to estimate the total amount of ozone
in the optical path from the sun to the instrument. By appropriate adjust-
ments of the spectrophotometer one of several specified wavelength pairs can
be selected for the measurement, depending on illumination conditions, to
provide an estimate of the amount of atmospheric ozone.
The Dobson instrument can be used in three distinct modes; a direct
sun measurement, a "Zenith sky" measurement and a "Umkehr" mode. In the
direct sun mode a prism or "Sun Director" is used to project the sun's
image onto the entrance window of the Dobson Spectrophotometer. The direct
sun mode is the preferred method for measuring total ozone. In the zenith
sky mode the instrument observes radiation scattered from the zenith sky
for a number of solar zenith angles less than 60 degrees. The zenith sky
measurements are used when the sun is obscured by clouds. In the Umkehr
mode the zenith sky measurements are made for solar zenith angles ranging
from 900 to 500.
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The Dobson instrument measures the relative intensities of the two
wavelengths in a given pair by first separating them in a spectroscope,
isolating them with slits, and attentuating the beam at the wavelength
least absorbed by ozone with a variable thickness optical filter (the
filter wedge). The two beams are brought back into coincidence with a
second spectroscope so that they impinge on a photo-electric null-meter.
The null-meter does not measure absolute intensities, instead it indicates
when the difference between the intensities is zero. The null-meter con-
sists of a chopper wheel in the optical path, which passes the two beams
sequentially and a photo-multiplier upon which one beam and then the other
fall sequentially as allowed by the chopper wheel. An amplifier is used
for the A.C. output of the photo-multiplier, then a rectifier which con-
verts the alternating current to direct current, and finally a direct cur-
rent micro-ammeter for display.
The ratio of the intensities of the two beams is "measured" by
adjusting the filter wedge until the micro-ammeter reads zero. Then the
intensity ratio is computed from the position of the filter wedge and the
instrument calibration data.
Wavelength Doublet and Wavelength-Doublet Pairs. - By wavelength
adjustment dial settings on the instrument, (the Q dial) one of five wave-
length doublets can be chosen. Table 1 taken from Reference 1, gives data
on wavelength doublets A, B, C, D and C'. At present wavelength doublet B
is not used, so that only four wavelength doublets are used. Also, as is
explained in the section on data reduction, when making observations for
total ozone it is desirable to make nearly simultaneous observation on two
wavelength doublets. The wavelength doublet pairs used are AD, CD, and
CC'.
For very large zenith angles (greater than about 720), a focused image
of the sun is formed on the entrance slit of the instrument. This increases
the apparent intensity of the light and decreases the effects of scattered
light. For zenith angles less than 720, a ground glass plate is placed on
the instrument aperture, to diffuse the light and average the intensity
over the entrance slit. For zenith angles less than 300, the lens is re-
moved from the sun director to further decrease the intensity of the
received light.
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TABLE 1 - TABLE WAVELENGTHS AND OTHER CONSTANTS
(absorption coefficients are based on logl 0)
Ozone Atmospheric
Absorption Scattering
Designation Mean Coefficient Coefficient
of Wave- (atm cm) - 1  (atm)-1
Wavelength length
a B
doublet B-B'
A.U. a-a' B-B' a-c'
Short 3055 1.882 0.491
A 1.762 0.116 0.066
Long 3254 0.120 0.375
Short 3088 1.287 0.470
B 1.223 0.113 0.092
Long 3291 0.064 0.357
Short 3114.5 0.912 0.453
C 0.865 0.110 0.127
Long 3324 0.047 0.343
Short 3176 0.391 0.416
D 0.374 0.104 0.278
Long 3398 0.017 0.312
Short 3324 0.047 0.343
C' 0.047
Long 4536 Nil
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t=to
dt dtsecZ
t=ts
Figure 1 - Geometry of plane parallel case.
sec-1,
Z OZONE LAYER
EARTH SURFACE-
RO
Figure 2 - Geometry for calculation of v'.
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The actual measurements are recorded on a waxed disc, fitted to the
R-dial, which moves the optical filter wedge back and forth. A clock-work
mechanism driving an arm which carries a stylus is mounted with the pivot
of the stylus just outside the radius of the R-dial. If the R-dial is left
motionless, the stylus traces an arc across the waxed disc, taking about
15 minutes. In operation, the R-dial is set so that the micro-ammeter
reading is nearly zero, the stylus placed in position, and the R-dial is
"jittered" so that the ammeter needle swings in a small arc symmetric about
the zero reading. The line traced by the stylus also oscillates about the
zero reading.
Theory of Measurement Using Direct Sunlight. - For a plane-parallel
stratified atmosphere (figure 1) containing Rayleigh scat.terers (molecules),
ozone molecules and aerosols, the change in sunlight from one layer to the
next can be expressed as:
dI(t) = -I(t) {om(t)Pm(t) + ao(t)po(t)
(1)
+ a (t)p p(t)} sec Z dt.
The quantity I(t) denotes the intensity at altitude t while a(t)
denotes a cross section for scattering or absorption and p(t) denotes the
number of molecules or particles per cubic centimeter. Subscripts denote
molecules (m) ozone molecules (0) and particles (p). Note that we have
neglected any light that might be scattered into the path from other
parts of the atmosphere; we only consider losses from the beam due to
scattering and absorption.
Integrating the equation from the top of the sensible atmosphere (t=0)
to the surface (t=ts) we have:
In s)] (t)p(t) + a (t)p (t)+a (t)p (t)}secZdt. (2)
12
If we now define the quantities
t
s
f am(t)pm(t)Sec Z dt = S mT sec Z, (3)
0
t
s
f C (t)p (t)Sec Z dt = 6 T sec Z, (4)
and
t
s
of 0(t)po(t)Sec Z dt = a X sec Z, (5)
o
then the equation for the intensity reaching the ground based instrument is:
In I(ts) = In I - Tm - 6pTp - a~ X sec Z. (6)
Essentially the quantity Tm represents the "scale height" of the atmosphere,
that is the thickness of the molecular atmosphere if it were reduced to a
uniform layer at Standard Temperature and Pressure. Similarly 8m then
represents the Rayleigh volume scattering coefficient for the atmosphere
at Standard Temperature and Pressure. The volume coefficient can be cal-
culated from the Rayleigh-Cabannes formulae for the scattering cross section
per molecule and Loschmidts number. The product 8m T is the normal or
m m
vertical optical thickness of the atmosphere due to Rayleigh or molecular
scattering. Similarly 6p Tp represents the normal optical thickness of
the atmospheric aerosol and a 0X represents the normal optical thickness
of the ozone layer. The parameter X is the equivalent thickness of ozone
or the ozone scale height, and is the quantity of interest. In this plane
parallel model, restricted to zenith angles Z less than 600, we do not
concern ourselves with the effect of refraction on the path length, and we
neglect the effect of the earth's curvature.
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In the equations for the Dobson direct sun measurement they use an
equivalent path through the atmosphere that is defined as equal to one or
one air mass when the suns zenith is zero. This is tantamount to redefining
the molecular scattering coefficient to be equal to the vertical optical
thickness of the molecular atmosphere (one air mass). The same statement
can be made regarding the particulate scattering coefficient.
Then we have:
In I(ts) = In I - {B+6+a oX}sec Z, (7)
where now B=B T and 6=6 T
In Dobson's derivation for the direct sun measurement the quantity
sec Z multiplying the expression for the ozone optical thickness and
molecular optical thickness is replaced by quantities p and m . The
parameter m is defined to be the equivalent path length through the
molecular atmosphere allowing for atmospheric refraction and the curvature
of the earth. When the zenith angle is zero m is defined to be 1.0.
The quantity p is the relative path length of sunlight through the
ozone layer which is presumed to be at 22 km above the earths surface. When
the zenith angle is zero i is also defined to be 1.0.
The quantity p can be calculated (see Figure 2) from the solar
zenith angle Z by
1
R 2
/ +22)2 R + ( 22 Cos
R is the assumed radius of the earth, 6378 km.
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In practice for direct sun measurements at solar zenith angles less than
600 these distinctions are unnecessary. However, for completeness we shall
use Dobson's form from here on. The equation is then:
In I = In Io - X - $m - 6 sec Z. (9)
The preceding discussion used log e , indicated by In. Changing.to
logl0, and writing equation (7) for two wavelengths A and A', then
subtracting the two resulting equations yields Dobson's equation 2 (Reference
1):
loglo(I/I') = logl0(Io/o1')-(a-a')iX
(10)
- (B-B') m-(6-6') sec Z.
Letting
LX = log 0o(I/I')
(11)
Lox = logl0(Io/Io ')
N = Lox - L , (12)
yields
-N = -(a-a') VX - (B-B') m - (6-6') sec Z, (13)
and solving for X yields
X = (N - (B-B')Xm - (6-6') sec Z)/(a-a) i. (14)
The subscript 1 indicates the wavelength dependence of the terms,
and prime indicates the longer wavelength.
The term containing (6-6') cannot be evaluated explicitly because the
attenuation coefficients for particulate scattering usually are not known.
As a means of avoiding this difficulty, observations are made simultaneously
on two wavelength pairs, say A and D, and the resulting equation (12) sub-
tracted and solved for X. The result, using the values given in Table 1 is:
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XAD = .7205 (NA - ND)/-.009m/p
(15)
(- (6-6') D)/(- ')A ((-('))'"
The last term in equation (15) has been set to be zero, on the assumption
that particulate scattering coefficients are only slightly wavelength depen-
dent, thus cancelling the two terms in the numerator. Also, the ratio m/1
in the second term is set equal to 1, with negligible effect. We then have
XAD = 0.7205(NA-ND/ -0.009 (16)
Reduction of AD and CD Measurements Using Direct Sunlight. -
a) After taking the measurements as described above, obtain the
R-dial readings by estimating the center of the stylus trace
with respect to the 1l arcs.
b) Look up the value of N, for k=A,C, or D corresponding to
the R-dial reading from tables furnished with the instrument.
c) Use the N X values in the equations:
XAD = 0.7205 (NA - ND)/100P - 0.009, (17)
XCD = 2.037 (NC - ND)/100P - 0.12. (18)
Note: the N values read from the tables are actually
100 N X , so the results must be divided by 100.
d) Given solar zenith angle Z , the quantity p is computed
using equation (8).
e) The solar zenith angle Z is computed from the equation
cos Z = sin d sin c + cos d cos 4 cos H,
= latitude of observing stations, (19)
d = declination of the sun,
H = hour angle of the sun.
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Reduction of Measurement of Light from the Zenith Sky. - The reduction
of total ozone data from zenith sky measurements is done by using empirical
tables and charts, derived by making a large number of nearly simultaneous
direct sun and zenith sky measurements, for different values of p . The
charts are constructed on the assumption that, for a given value of p , a
one-to-one relationship exists between total ozone and the N-values obtained
from zenith sky measurements. This assumption can be justified only if the
vertical distribution of ozone, and of the scatterers in the atmosphere, can
be assumed to be constant with the exception of a scale factor. Since this
assumption is not valid, the zenith sky reductions are subject to errors
which cannot be estimated analytically, and extensive Monte-Carlo simulations
will be required to provide error estimates.
Error Analysis of Reduction of Direct Sun Measurements on A, D
Wavelengths. -
Basic Measurement Error: The error in R-dial measurement has been
estimated by a number of reliable observers (References 1,2) to be of the
order of 0.20 on the R-dial under good observing conditions, and not to
exceed 0.50 under bad conditions.
The error in determination of the time of the observation may be
taken as 30 seconds for normal operating methods.
Propagation of Error Through the Data Reduction Equations: The data
reduction equation to be evaluated is equation (17) which is repeated here
for convenience
XAD = 0.7205(NA - ND)/100P - 0.009.
The propagation of error rule used is the usual chain rule differen-
tiation, using only the linear term of the Taylor's Series expansion of the
variable. The measured variables are R-dial readings RA, RD and time t.
aX aX aXAD AD AD
AXAD - ARA + ARD + At. (20)
DRA  RD  t
The partial derivatives in equation (20) can be evaluated as follows:
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aXAD 3XAD NA (21)(21)
aRA aNA aRA
AD AD aND
- (22)
aRD aND aRD
aXAD aXAD a(
. (23)
at all at
For zenith angles less than 600 1 can be approximated by
1
=- , (24)
cos Z
where cos Z is obtained from equation (19).
Then
61 6p 6(cos Z) 6H
-- (25)
St 6(cos Z) 6H 6t
where from equation (24)
By -1
2 2 (26)
acos Z cos Z
from equation (19)
a(cosZ)
- = cosd cos sin H , (27)
aH
and from the definition of H,
aH 27 radians
(28)
at 86,400 second
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From equation (15)
a X
(29)
XAD
= -.
7 2 0 5 /100p (30)
aNA
XAD
= -. 7205/100 . (31)
aND
using the tables of N vs R used in data reduction,
DN
.95 (32)
aR X
is a reasonable average for X = A, D.
The indicated calculations were carried out for extreme values of H,
that is for H = 00 and H = 870.
Using AR = 0.20 and At = 30 seconds, for H = 00,
AXAD = 0.0013RA + 0.0013RD + 0 .0 0 0 0 t
,  
(33)
where the subscript indicates the error source. For H = 870:
AX = 0 . 0 0 0 4 RA + 0 . 0 0 0 4 RD + .0017 t .  (34)
If it is assumed that the error sources are independent and randomly
distributed about zero, and the errors on AR and At represent standard
deviations about zero then the separate errors may be combined by taking
the square root of the sum of the squares to obtain:
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0AD = 0.0018, for H 
= 0',
0AD = 0.0018, for H = 870
Similar computations can be carried out for the CD wavelength.
The results of the above computations were recorded to only two
significant figures, since the basic estimates of measurement error are
probably only valid within a factor of two. The result indicates that
the error in reduced ozone due solely to measurement errors, and not
considering instrument adjustment, calibration, or the derivation of the
basic equations, is less than 1% of the total ozone.
Also, it should be emphasized that only the direct sun type of mea-
surement is amenable to the above error analysis. The zenith sky measure-
ments are reduced using empirical charts, obtained by comparing zenith sky
measurements to direct sun measurements taken at the same zenith angle.
Instrument Calibration and Adjustment. - The discussion below is
only a summary of the calibration and adjustment procedures and of the
routine checks to maintain calibration for the Dobson instrument, based
on reference 2.
Adjustment of the Optics: All optical components of the instrument,
including lenses, prisms, slit widths are adjusted when the instrument
is installed. Detailed instructions for periodic inspection and re-adjust-
ment, if necessary, are included in Reference 4. All of the optical com-
ponents are fixed in position with the exception of the wavelength adjust-
ments Q1 and Q2 and the optical filter wedge. The primary sources
of error, in a properly maintained instrument, will be in the adjustable
components. For that reason, inspection and adjustment of the fixed
optical components will not be discussed here.
Calibration of the Wavelength Adjustment Q1 and Q2 : The various com-
ponents of the instrument change dimensions slightly with temperature.
These changes are compensated for by making changes in the setting of the
optical flat Q1 , using a table of settings of Q1 vs. temperature.
The wavelengths A, C, and D were all selected to make the identification
of the proper wavelength possible, even in the absence of optical laboratory
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equipment such as precision monochromatic.sources or spectrometers. Each
of the wavelengths identifies itself because the ozone absorption spectrum
has an inflection point at the wavelength. Thus, slight movements of the
Q1  adjustment lever about the nominal value of each of the wavelengths
results in a photocell output plot, vs Q1 setting, as shown in Figure 3,
which is taken from Reference 1.
Errors Caused by Incorrect Setting of Q1 : Using the method previously
described of obtaining error propagation, the errors in X caused by a Q1
lever setting error AQ1  are
/ -XAD NA ( RA XAD DND RDAXAD 1AQ. (35)AD NA DRA DQ1 aND aRD aQ,
All of the factors in the terms on the right of this equation was evaluated
above except A , for X=A, D.
vQ1
The magnitude of these three terms can be graphically estimated from
Figure 3, yielding
aRA 
_RA
- -1.6 , (36)
aQ1 oQ1
aRC 0RC
D - -0.1 
- (37)
aQ1 oQ,
aRD  O RD
- -1.2 (38)
aQ1 oQ1
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660
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700
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74 78
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RD 380D WAVELENGTH
380
400
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Q1
Figure 3 - Variation of R dial reading with Q setting.
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Substituting these values into equation (35) together with previously
evaluated terms, and using i = 1.15 for XAD:
AXAD = .9923AQ1 . (39)
Using AQ1 = 0.4, the maximum allowable in the routine maintenance
tests, results in
AXAD .001. (40)
Adjustment of the Electronics: Because the instrument is basically
a null-meter, calibration of the electronics in the sense of determining
an input-output relationship is not necessary. The electronics must be
periodically tested to determine that the sensitivity is adequate to enable
the operator to find the correct null position, and that the commutator
mechanism is correctly rectifying the alternating current amplifier output.
Relative Calibration of the Optical Filter Wedge: The relative cali-
bration of the optical wedge consists of determining the tabular function
which relates R-dial readings to logarithmic ratios of the two wavelength
beam intensities, within an arbitrary constant. That is to say, relative
calibration determines values of R vs L, = log(I /II') + K, where the
I1's represents the intensities of the two beams in a wavelength pair, and
K is an arbitrary constant, determining the origin of the calibration
curve. The constant K drops out when the extra-terrestrial constant
LoX is subtracted from LX to determine Nh . The determination of Lox
is known as "absolute calibration," and is discussed below.
"Absolute Calibration" of the Spectrophotometer: The "absolute cali-
bration" of the Dobson instrument, as now carried out, consists of finding
the extra-terrestrial constant Lox , the value of (log (Io/I o)+K) for
the sun's radiation outside the earth's atmosphere. Referring back to
equation (10) and adding K to both sides:
log(I/I') + K = log(Io/Io') + K
- (a-a') X1 - (B-B')m (41)
- (6-6') sec Z,
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LX=Lo-(a-a') X - (8-8')m - (6-6')sec Z. (42)
The assumption is made that there is no variation in the amount of
ozone over a one-day interval. Then all of the factors appearing in
equation (42) are constant, except Lx, j, m and sec Z , and all are
assumed known except Lox and X . Rewriting (42) in the form
(LX + (B-B')m + (6-6')sec Z) = Lo - (a-a) Xv, (43)
shows that if the left hand side is evaluated for a number of measurements
with different values of i but with constant X , and the results plotted
against p , the plot will be a straight line with slope equal to -(a-a')X
and intercept, at v = 0, of Lo The absolute calibration procedure in
use performs the calculations somewhat differently, but the underlying
assumption is the same, that the total ozone remains constant over a one-
half day interval. The measurements are made on a number of days, and an
averaging process is used on the results. The resulting value of Lok is
subtracted from the LX values in the relative calibration tables, to pro-
vide tables of NX vs R
N = L - Lo. (44)
The error in the values determined by the process can not be estab-
lished by analytical means, since it depends on the assumption of no mean
variation in X during the daylight hours.
In practice, the procedure described above is not carried out for
every spectrophotometer. One instrument located at Boulder, Colorado is
maintained as a standard, and the above calibration is repeated periodically.
The absolute calibration of this instrument is transferred to other instru-
ments by one of two ways; either by setting the two instruments side by side,
making simultaneous measurements of ozone, and inter-comparing the results,
or by using standard lamps to transfer the calibration from one instrument
to the other.
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Errors in Data Due to Errors in Optical Wedge Calibration: The errors
in XAD caused by calibration errors can be evaluated in terms of errors
in NA and ND'
The error equation is
AXAD = 0.00 7 2 05(ANA - AND)/ . (45)
Using 1.0, the extreme error in NA or ND allowed by the calibra-
tion checks, as the two-sigma value, and setting p = 1.15, the error in
ozone data, caused by calibration errors with this distribution, is
AXAD = .003. (46)
Variations in Extra-Terrestrial Constant: The extra-terrestrial
constant, L , may vary due to variations in the solar spectrum. The
resulting error in reduced data from AD wavelength pair measurements will
be
AXAD = .7 2 05 (6 LoD - 6LoA)/100 . (47)
Setting. i = 1.15, and taking the square root of the sum of the
squares of the error caused by 6LoD and 6LoA '
6X = 0.00886 6L . (48)AD o
If the variation in intensity ration Io/I o ' is taken as 1% of the
nominal value, the variation in logl 0 (Io/I ') is .00434 and the varia-
tion in L is 0.434, yielding
6XAD = .00384
for each 1% of variation in Io/I o
Variations in Ozone Absorption Coefficient with Temperature: The
ozone absorption coefficient a , is based on the assumption that the
temperature in the region of ozone absorption is -440 C . Since the
absorption coefficient of ozone is temperature dependent (see Table 3),
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the seasonal and latitudinal variations of the temperature profile vs.
altitude will affect the total absorption and cause an error in reduction.
The weighted mean of the temperature over the altitudes of ozone concentra-
tion can vary as much as 50 due to seasonal effects. From equation (15)
the computed value of ozone is proportional to the inverse of
A - a - aD + a' , and from Table 3, a variation of 50 K can cause 3%
change in the quantity, thus a 3% error in reduced total ozone.
Particulate Scattering Effect (Single Scattering Only): The assump-
tion is made that the effects of particulate scattering are only slightly
wavelength dependent, so that, for example:
(6 - 6')A - (6 - 6')D = 0.
The error in ozone data caused by this assumption is strongly depen-
dent on the actual functional relationship between the scattering coeffi-
cient and the wavelength, and cannot be evaluated until experimental data
on the scattering functions are available.
Error in Determination of Extra-Terrestrial Constant. - The extra-
terrestrial constant is derived based on two assumptions:
a) First, that the mean variation of ozone during daylight hours
is zero.
b) Second, that the effective or apparent ozone absorption coeffi-
cient, including the extinction due to scattering by molecules
and aerosols, is a constant for a large range of zenith angles.
Electrochemical Concentration Cell Ozonesonde
System Description. - The Electrochemical Concentration Cell (ECC)
Ozonesonde, as described in Reference 6, is a device designed to be flown
in conjunction with, and on the same balloon as, a standard National Weather
Service meteorological radiosonde. The sensing unit of the ozonesonde is an
iodine/iodide redox electrode concentration cell composed of two platinum
electrodes immersed in potassium iodide solutions of different concentrations
in the cathode and anode chambers. When the circuit is closed, the cell
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quickly attains equilibrium and no current flows. If air containing ozone
is introduced into the cathode chamber, a chemical reaction takes place,
creating iodine (I2), which the cell converts back to potassium iodide,
causing a current of two electrons to flow for each molecule of ozone
introduced, until the ozone is destroyed and equilibrium is attained.
In the ozonesonde, a continuous stream of ambient air is bubbled
through the sensor by a constant volume pump, causing a current to flow
which is proportional to the ozone concentration. The pump motor also
drives a data sequencing switch which causes the ozonesonde data to periodi-
cally over-ride the standard meteorological transmission of the radiosonde.
An electronic coupler converts the ozone sensor output into a resis-
tance whose magnitude is sensed by the radiosonde circuitry. The radiosonde
transmits at a frequency of 1680 MHz through a blocking oscillator which
interrupts the transmission in a square wave pattern with frequency ranging
from 0 to 190 Hz. The data sequencing switch causes data to be transmitted
in a two minute sequence, with six ozone readings, an ozone zero reading,
an ozone calibrate reading and an ozone sensor temperature reading trans-
mitted in each cycle. The ozonesonde readings occupy one fourth of the
cycle, and the standard meteorological readings of air pressure, air tempera-
ture and humidity of the radiosonde occupy the other three fourths. At pre-
sent the data are recorded on strip charts and reduced manually.
Operating Procedures. -
Preflight Preparation: Two to ten days prior to use, the ozonesonde
is "conditioned" by passing air containing a high proportion of ozone
through the sonde for about 1/2 hours, with-no sensing solution in the
anode and cathode chambers. This serves to deactivate the surfaces in the
unit so that no reaction will occur to destroy ozone during operations. At
the same time, the ozonesonde output leads are connected to a test unit and
the potentiometer in the electronic coupler adjusted. After conditioning,
an ozone destruction filter is attached to the sonde air intake tube and the
sonde anode and cathode chambers are changed with electrolyte.
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The sonde is conditioned for 20 minutes with ozone-free air, using an
ozone destruct filter on the air intake, and the time, t , for the pump to
transfer 100 ml. of air is measured and recorded for use in data reduction.
About one-half hour before release time the radiosonde base-line cali-
bration is performed, then the ozonesonde is connected to the radiosonde,
and the ozone destruct filter is attached to the air intake, and the radio-
sonde receiver adjusted so that the low reference signal falls at 95.0 chart
ordinates, and the ozonesonde coupler potentiometer adjusted so that ozone
zero signals occur at about 35.0 chart ordinates. A seven minute "zero
adjust" recording of the ozonesonde output is obtained. The temperature of
the ozonesonde box during the zero adjust is measured and recorded. All of
the above is performed in an enclosed, protected area, free from air
contamination. The instrument is then connected to the balloon train and
released.
In Flight Operation: The sonde is carried by a balloon of capacity
allowing a rise rate of about 300 meters/minute. During the flight, the
frequency control knob on the radiosonde receiver is adjusted to maintain
the low reference signal at 95.0 chart ordinates.
Data Reduction. -
Theory of Measurement: Exact analysis of the electrochemical reactions
within the ozone sensing cell will not be given, because, to quote from
Reference 7: "A rigorous analysis of the characteristics of the real cell
is difficult, if not impossible, to perform not only because of its complexity
but because the cell anode chamber contains electrolyte saturated with
potassium iodide for which ionic activities cannot be computed." Kohmyr, in
Reference 7. concludes that "The current flowing in the external circuit
is ... directly related to the rate of conversion of iodine to iodide, or
iodide to iodine."
The proportion is very nearly two electrons for each molecule of iodine
converted. When air containing ozone is bubbled through the cathode
electrolyte, the reaction
2KI + 03 + H20 - 2KOH + 12 + 02 (49)
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takes place. The 12 molecule is converted back to KI by the action of
the cell, causing two electrons to flow in the external circuit for each
molecule of ozone introduced.
The ozone concentration can be derived from the equation (Reference
6):
-3
P3 = 4.307 X 103 I Tb t, (50)
where
P3  is the ozone partial pressure in micro-millibars,
I is the sensor current due to ozone in micro-ammperes,
Tb is the sonde box temperature in degrees Kelvin, and
t is the time in seconds taken by the pump to force 100 milli-
liters of air through the sensor.
It is observed that the cell puts out a background current, I ,
when pure ozone-free air is bubbled through it. The value of Ia  is usually
very low, and is observed during the pre-flight zero check procedure. The
ozone current I used in Equation (50) is defined by
I =Iobs Ia, (51)
where Iobs is the cell current observed during ozone measurement.
Data Reduction Method:
a) The following traces are identified on the chart record, a
sample of which is shown in Figure 4, where
Z = ozone zero,
C = ozone calibration,
Oz = ozone measurement, and
Tb = box temperature.
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Figure 4 - Sample ozonesonde record.
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The segments of each trace are connected to form continuous
lines for Z, C, Oz and Tb.
b) Levels to be measured are selected at points on the chart where
a pressure measurement is made, that is, where the radiosonde
commutator switches from temperature to humidity or reference
measurement.
Measurement levels are selected at mandatory levels, that is,
at surface pressure, 1000, 700, 500, 300, 250, 200, 150, 100,
70, 50, 30, 20, 10, 7, 5, 3 millibars, at the tropopause
levels, at levels of prominent maximum and minimum of the Oz
trace and at points which provide about 1 chart ordinate spacing
between the other points selected.
c) Using an ozone scale, provided with the manual, Oz and C are
measured with respect to the Z trace. The contact number on
the radiosonde commutator, the temperature ordinate and the
reading for box temperature Tb are also read. Ia , the cur-
rent due to ozone-free air alone, is read by measuring Oz and
C in the zero adjust portion of the chart.
d) A scale value S from the above reading is computed by
S = 314 .Oz (52)
e) Current readings are obtained from values by using the tables
or calibration curve (Figure 5) of current vs signal divisions,
provided with the manual.
f) The readings of Ia are corrected for ambient pressure by a
chart using Table 2 because the background current caused
by ozone-free air is assumed to be proportional to the partial
pressure of oxygen in the air.
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TABLE 2
Pressure VALUES OF i (pA)
Interval a
(mb) (1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
1070-951 0.55 0.50 0.45 0.40 0.35 0.30 0.25 0.20 0.15 0.10
950-830 .50 .45 .41 .36 .32 .27 .23 .18 .14 .09
829-711 .44 .40 .36 .32 .28 .24 .20 .16 .12 .08
710-596 .39 .35 .32 .28 .25 .21 .18 .14 .11 .07
595-485 .33 .30 .27 .24 .31 .18 .15 .12 .09 .06
484-379 .28 .25 .23 .20 .18 .15 .13 .10 .08 .05
378-279 .22 .20 .18 .16 .14 .12 .10 .08 .06 .04
278-191 .17 .15 .14 .12 .11 .09 .08 .06 .05 .03
190-114 .11 .10 .09 .08 .07 .06 .05 .04 .03 .02
113-57 .06 .05 .05 .04 .04 .03 .03 .02 .02 .01
g) The box temperature Tb is reduced, using the Radiosonde Tem-
perature Evaluation to convert chart readings to temperature.
h) The ozone partial pressure is computed by
P3 = 4.307 X 10-3 (Iobs- Ia)Tbt. (53)
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i) The ozone values are corrected for the variation of pump
efficiency with pressure, using the curve in Figure 6,
by multiplying P3  from equation (53) by the partial
pressure correction factor from the curve.
Error Analysis. - As with the error analysis of the Dobson instru-
ment, this analysis will examine four areas:
a) The observer error in reducing the traces on the T.M. charts.
b) The propagation of the above error through the data reduction
equations.
c) The errors in the data caused by instrument calibration and
adjustment errors.
d) The errors in the data caused by assumptions in the derivation
of the reduced equations.
Measurement Errors: The basic measurements to be considered are the
measurement of the values Oz (ozone measurement) and C (calibration
measurement) with respect to the Z (ozone zero) trace; the determination
of Tb (box temperature); and the determination of pumping time t.
In the measurement of Oz and C with respect to Z there are two
sources of error: the determination of where to draw the three traces
connecting the contact points on the chart (Figure 4), and the measure-
ment of the distance between the lines, in terms of ozone scale units.
Measurement errors of this type are difficult to assess analytically without
carefully controlled statistical experiments using trained observers to
measure quantities of data from a variety of records. However, in the
experience of the writer with graphical reduction techniques, the error to
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Figure 6 - Ozone partial pressure correction curve (corrections for
decreasing pump air flow rate at reduced ambient pressure).
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be expected is 0.1 to 0.2 chart units in drawing the connecting lines, and
0.1 chart units in measurement of the distance between lines. The ratio
of chart units to ozone scale units is about 1 to 10. Allowing 1.5 ozone
scale units for error of measurement of the distance between two lines, and
taking the square root of the sum of the squares of the three errors, allows
aoz = c = 2.3 scale units. (54)
The error in determination of box temperature Tb from the record,
using standard radiosonde technique has been estimated at 0.50 C at lower
altitudes, increasing to 2.00 C at the higher altitudes reached by the
balloon (Reference 6).
The error in measurement of t, the time for the pump to force 100 ml.
of air through the sonde, is estimated at 0.2 sec.
The estimates above are empirical, arrived at to some extent by
intuitive judgement of graphical data reduction methods based on experience.
Error in Determining the Ozone Current: Repeating Equation (52),
the ozone scale reading is obtained from:
Oz
S = 314 -,
C
aS aS
AS = -- AOz + - AC, (55)
aOz aC
aS 314
S- , (56)
9Oz C
S -314 Oz
C C2  (57)
36
Since the adjustment of the scale is such that C = 314
as
- 1 , (58)
DOz
S -Oz -S
S- = - . (59)
DC C C
Since C corresponds to a current of 4.47 microamperes, which is
nearly the maximum ozone current, let S = C for a nominal value, and
as
- -1. (60)
DC
Then allowing
A Oz = A C = 2.3
and using the root-sum-square to combine the two error effects to obtain
the error of S due to measurement error,
AS = 2.32 + 2.32 = 3.2. (61)
From the calibration curve in Figure 3
4.47
I - S, (62)
314
and the error of I due to measurement error is
4.47
AI = - AS = .045. (63)
314
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Error in Determining P3: To repeat equation (53):
P = 4.307 X 10 (Iobs - I a ) Tbt.
The error in P3 is
P3 P3  P3 3
AP 3  Aobs + AIa + ATb + At. (64)3 obs DT b
obs a  b
Nominal values for the terms in Equation (53) are:
Iobs = 5.5 la, (65)
I a  = 0.5 pa, (66)
Tb  = 300 ° K, (67)
t = 30 sec. (68)
Taking the indicated partials of equation (53) and substituting the
nominal values yields:
P
- 38.8, (69)
3
Iobs
3P
= 38.8, (70)
aI
a
- .646, (71)
aT
aP
- 6.46. (72)
at
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The root-sum-square error caused by the combined effects of measure-
ment is
AP3 = 3.05 pmb. (73)
Using the nominal values,
P3 = 194 pmb, (74)
so that the error in P3 due to measurement error is of the order of 1.5%
of the measured value.
Pumping Rate Variations: The curve of pump efficiency vs pressure
(Figure 6) was arrived at experimentally under laboratory conditions.
Variations in the pump efficiency factor of up to 5% at 10 mb and 15% at
3 mb can be expected (Reference 6). Below 70 mb the correction, hence the
error, are presumed negligible. Since the ozone partial pressure at 10 mb
is of the order of 50 pmb the magnitude of the error due to uncertainty
in pump efficiency is
AP3 = 2 mb, (75)
The pumping rate varies not only with pressure, as shown in Figure 6,
but with pump temperature. According to Reference 6, "the air-flow-rate vs
temperature of the Teflon gas sampling pump has been experimentally deter-
mined to be about 0.065 percent/oC."
Experimental data show that between sea level and 50 mb the pump
temperature drops about 160 F, causing a air-flow-rate change of 1%. At
about 50 mb, the ozone partial pressure reaches a maximum of about 200 pmb,
so that the maximum error due to pump temperature change is
AP 3 = 2 pmb. (76)
Box Temperature Measurement: Experimental data (Reference 6) shows
that the Tb sensor records a temperature which is about 60 C lower than the
actual pump temperature, because of friction and enthalpy loss heating of
the pump. This difference has been approximately corrected for by adjusting
the calibration curve (Figure 3). The error in this correction is certainly
39
less than the maximum error allowed above in reduction of Tb , and already
accounted for in the measurement error effects.
Changes in Electronic Coupler Gain and Zero Levels: The in-flight
calibration, consisting of the "cal" and "zero" signals transmitted in every
two-minute cycle of the sequencing switch, allows electronic coupler gain
and scale zero effects, along with any drifts in the radiosonde telemetry
system to be compensated for in the data reduction procedure. Measurement
of Oz and C traces with respect to the Z trace, and use of equation
(52) to compute S , accomplish this compensation.
Cell Chemistry: To quote from Reference 6, "The ECC ozone sensor is
an absolute device in that if we assume that each ozone molecule entering
the sensor causes a current flow of two electrons in the sensor external
circuit, then no auxilliary instrument need be used to calibrate the sensor.
Considerable controversy exists, however, even now in the formal literature
about the stoichiometry of the oxidation of iodine by ozone in KI solutions.
Ingols et al. (1959), for example, found that twice as much iodine was
liberated by ozone in a KI solution of pH2 as compared with iodine
liberated in a solution of pH9. Byers and Saltzman (1959) assumed that at
pH7 the ratio of iodine molecules to ozone molecules was 1:1. More
recently, Boyd et al. (1970) has argued that the stoichiometry of the reac-
tion of ozone with a neutral potassium iodide solution is such that one
molecule of ozone liberates 1.53 molecules of iodine."
Calibration tests of ECC sensors against standard ozone generators
indicated that the sensors agreed within + 5 percent with the generator
calibration curves (Reference 6). Other data on instrumental intercompari-
sons with Dobson Ozone Spectrophotometers is given in a later section of this
report.
Background Current. - The assumption that the background current is
caused only by the atmospheric oxygen, and is proportional to the partial
pressure of oxygen, is not completely verified. Trace pollutants, passing
the ozone destruct filter, could cause a background current not proportional
to atmospheric oxygen. If the error in Ia for this cause is 0.05 pa, the
error in ozone partial pressure, using equation (70) is
AP 3 = 2 pmb. (77)
or 1% of the nominal measurement given by equation (74)
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Sensor Response Time: Test data (Reference 6) shows that the sensor
exponential response time is of the order of 20 seconds. This means that a
step change in ozcne concentration, at a rise rate of 300 meters/min. will
be detected with 33% error in 100 meters and 5% error in 300 meters.
Ozone Distribution Above: In the derivation of total ozone from
ozonesonde observations by integration of the partial pressure curve, the
assumption is made that the ozone mixing ratio is constant above the height
of balloon burst. If the assumption is correct, and if the balloon reaches
the 30 kilometer level, the errors in this calculation are less than 1%.
If the assumption is not correct, errors of up to 5% might be possible.
Some suggestions have been made that a secondary maximum of ozone concen-
tration occurs at about 40 kilometers, and some evidence for existance of
the maximum was shown on two records taken by Randhawa at White Sands.
Using rocket-borne ozonesondes, however, Randhawa, in other measurements,
and other experiments, have found no evidence of such a peak (References
9-13). If such a peak exists, then the error in total ozone computation
may be as great as 5 to 10%.
Sample Dual Instrument Sounding: The ozonogram showing the two ozone
profiles from a carefully controlled dual instrument sounding is shown in
Figure 7. Reference 6 contains a discussion of the test. The profiles shou
the following points of interest:
a) The fine detail of the profiles in the region of 200 mb to
50 mb, (12 km. to 21 km.), is well reproduced on both traces.
The differences in partial pressure readings of the two instru-
ments are less than 5 limb at the 100 mb level and increase
to about 10 pmb at the 45 mb level.
b) Above 22 km, the two traces both follow a curve which approxi-
mates a curve of constant mixing ratio, but the two readings
disagree by about 5 to 10%.
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Figure 7 - Dual-instrument ozone sounding.
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MONTE CARLO SIMULATION
A Monte Carlo Model of the Dobson ozone estimation scheme has been
assembled and tested. The model can compute the effect of multiple
scattered sunlight on the atmospheric ozone density inferred from Dobson
Spectrophotometer measurements. The program possesses a unique feature.
Unlike the Monte Carlo simulations of Kattawar and Plassl 4 and Collins
and Wellsl 5 the present method does not use direct sampling of photons.
Rather, it samples hypothetical photons from each scattering on a proba-
bility basis. This technique has two important advantages:
1) The variance is considerably reduced,
2) We can sample sky radiance in exactly specified directions
and do not have to use averaging techniques.
Polarization is fully treated by applying the Mueller algebra to the
Stokes vector associated with each photon. The program can model ten
receiver configurations simultaneously, including direct sun observations
from ground level, zenith sky observations from ground level and nadir
observations from satellite altitudes for any solar zenith angle, less than
600. The constraint on the solar zenith angle is imposed by the plane-
parallel atmosphere assumed in the Monte Carlo simulation. Other receivers
at any altitude and with any orientation can also be specified by the user.
Thus, as a byproduct of the Dobson computations we can investigate the
effect of multiple scattering on observations made in or above the atmos-
phere.
Analysis of the Dobson Spectrophotometer Experiment
In the direct Sun mode the Dobson Spectrophotometer measures the solar
intensities at pairs of specified wavelengths. Normally, three wavelength
pairs are employed and the ratios of the intensities employed to estimate
the total ozone contained in a vertical column of the atmosphere. The result
for total ozone is usually expressed in units of atm.-cms. which is the
height in centimeters of a column containing all of the ozone above it
reduced to standard temperature and'pressure.
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For a given line pair we define the parameter NX as:
N = logl 0  - logl 0  T) (78)
where
10Io,Io ' are the intensities entering the top of the atmosphere, and
I,I' are the observed intensities at the bottom.
The prime indicates the upper wavelength of the line pair. Although the
contribution of molecular scattering to the attenuation of the sun's rays
can be calculated fairly easily the contribution of the atmospheric aero-
sols can vary from day to day. An attempt is therefore made to eliminate
this component by subtracting the results of two experiments performed with
different wavelength pairs.
The final result of the experiment appears as given in equations (17)
and (18).
XAD = 0.7205 (NA - ND)/ - 0.009,
XCD = 2.037 (NC - ND)/v - 0.012.
where the subscripts refer to the A, C and D line pairs respectively and
. is a parameter relating the slant path length through the ozone layer
to its vertical height. For small zenith angles, Z , (say less than 600)
there is little error in taking j to be sec Z
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Now the values of NA, NC and ND appear to depend on the values
I
of Tr for the three cases. These ratios are normally inferred by
observing the sun over a fairly wide range of zenith angles or air masses
and interpolating to zero air mass. It is unnecessary, however, to use the
I
correct values of o in the simulation in order to estimate the effect of
0
scattered radiation on the ozone estimation. This is because the scattered
intensity for any given receiver field of view and atmospheric characteris-
tics is always directly proportional to the incident intensity as is the
attenuated direct sunlight. Thus, the values of NA, NC and ND for a
given configuration are independent of the ratio of the incident intensities
even when the scattering of radiation into the receiver is important. In
our simulations we artificially set I = I' for each wavelength pair so
0 0
that N becomes simply log IA I
In our calculations we know the true value of the total ozone, X
as a part of our model. Thus we can vary the field of view and see how
much error is introduced into the estimation by scattered radiation and the
differential attenuations of molecular and aerosol scatterers.
It should be noted that since in our work we assume plane parallel
boundaries for the atmosphere rather than spherical boundaries, the replace-
ment of p by sec Z is mandatory. Nevertheless, it must be remembered
that the final results cannot be trusted for large values of Z , greater
than about 600.
The Atmospheric Model
The computer program employed in this study accepts as data any atmos-
pheric model the user wishes to investigate. Nevertheless in order to limit
the amount of computer time we restricted our considerations to a U.S. Stan-
dard atmosphere in the mid-latitude range.
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The temperature model employed was the July model from the U.S. Stan-
dard Atmospherel 7 and is presented in Figure 8. The densities of the
molecular scatterers were taken principally from Champion's atmospheric
model 2 2 which represents mean conditions throughout the year for latitudes
near 30 degrees and altitudes above 30 kms. Below 30 kms. we used an average
of Cole and Kantor's 30 degree latitude summer and winter atmospheres 2 3 to
provide a smooth fit between Champion's densities and those of the U.S.
Standard Atmospherel 7 which were used exclusively below 10 kms. The model
densities employed for ozone and the other molecular components are graphed
separately in Figure 9.
For the aerosol density we employed the Elterman model 1 6 as illustrated
in Figure 10. The size distribution was assumed to be of the Junge type,
i.e., the number of particles with diameters in the range D to D + dD was
n(D)dD = (v-1)DV-1 DV dD, for D > Do ;
(79)
n(D)dD = 0 , for D < D
o
The parameters selected in this work were
D = 0.2p
and v = 4.
The absorption cross-sections for ozone that were employed in this
study are summarized in Table 1. For intermediate temperatures, linear
interpolation was employed. It was assumed that the other components of
the atmosphere were responsible for scattering only, the cross-section for
each molecule being the Rayleigh cross-section which is also given in
Table 3.
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Figure 8 - Atmospheric temperature model.
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Figure 9 - Model Atmosphere: Molecular density and ozone density as function of altitude.
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Figure 10 - Atmospheric model: Aerosol density as function of altitude.
The aerosol scattering properties were computed employing Mie
scattering theory using a computer program supplied by Holland1 8 . It was
assumed that all particles were spherical with a complex index of refrac-
tion of (1.55 - Oi). Wavelength dependencies of the refractive index were
neglected in this preliminary calculation so that the sole effect of
rrD
changing wavelength was to alter the Mie particle size parameters, -
The atmospheric model was stratified into 50 layers, each 2 kilo-
meters thick. It was assumed that the density of each atmospheric compo-
nent was uniform within each layer and equal to the average value within
that layer. Thus the computer model was comprised of a series of step-like
density profiles.
An important parameter influencing the overall radiative transfer
characteristics of the atmosphere is the albedo for single scattering which
is the fraction of the energy removed from the incident beam which reappears
as scattered energy. The parameter is defined as:
SCA _ SCAWO =- and can vary from a pure
0 ABS + BSCA BEXT
scattering atmosphere (wm = 1.0) to pure absorption (w0 = 0). The quan-
tities B are volume scattering, absorption or extinction coefficients with
dimensions of cm2/cm 3  and are simply the products of the cross-sections
for the constituents in each layer and the associated number of densities in
the layer. In our model atmosphere only ozone absorbs and
BABS(Z) = ABS(Z) n 0 z(Z).
The albedo for single scattering for our model is plotted as a function of
altitude for the wavelength pairs of the A, C and D lines in Figure 11,
12 and 13, respectively.
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TABLE 3. ABSORPTION CROSS-SECTIONS FOR OZONE AND
RAYLEIGH SCATTERING WITH CROSS-SECTION.
(VALUES BASED ON loge)
291 0 K 229 0 K 214
0 K
180 C -44 0 C -59
0 C
LINE aABS aABS aABS oR
DOBSON PAIRS
X (1I) cm 2/molecule cm2/molecule cm2/molecule cm 2/molecule
.3055 1.757x10 - 1 9  1.608x10- 1 9  l.582x1
0 - 1 9  5.187x10-26
"A" Lines
.3254 1.526x10 - 2 0  1.254x10 - 2 0  1.221
x 1 0 - 2 0  3.964xl0- 2 6
.31145 8.634x10 7.778x10 -
20  7.554x1 0 -2 0  4.798x10-26
"C" Lines
.3324 4.578x10-21 3.461xl0 - 2 1  3.312xl0
- 2 1  3.621xl0- 2 6
.3176 3.745x10 3.259x10 3.223x10
- 2 0  4.396x10-26
"D" Lines
.3398 1.451x10 1.116x10 - 2 1  1.042x10
- 2 1  3.297x10-26
The Rayleigh scattering cross sections were calculated from the equation:
-28
= 3.321x0 cm 2/molecule where A , the wavelength is
expressed in microns.
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Figure 11 - Albedo for single scattering as function of altitude.
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Figure 12 - Albedo for single scattering as function of altitude.
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Figure 13 - Albedo for single scattering as function of altitude.
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The total absorbing and scattering effects of the atmosphere can best
be gauged by computing the optical thickness contributions of the atmospheric
components. The optical thickness of each layer is defined as
AT(Zi) = AB S (Z i ) SCA A i
T(Z)= AT (Zi)
These are presented in Table 4 for the six wavelengths of interest. It
can be seen that all optical thickness contributions fall with increasing
wavelength, the most rapid rate of change being for ozone and the least
rapid being for the aerosol.
TABLE 4. ATMOSPHERIC OPTICAL THICKNESS CONTRIBUTIONS
AS FUNCTION OF WAVELENGTH
LINES WAVELENGTH (A.U.) TOTAL OZONE AEROSOL MOLECULAR
3055 2.947 1.585 0.236 1.126
A
3254 1.224 0.124 0.239 0.861
3114.5 2.037 0.767 0.232 1.038
C
3324 1.055 0.034 0.234 0.787
3176 1.522 0.322 0.245 0.955
D
3398 0.957 0.011 0.229 0.717
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Monte Carlo Simulation of Radiative Transfer Through the Atmosphere
A Monte Carlo simulation program has been written to investigate
radiative transfer through a layered atmosphere. The details of the program
are given in the Appendix and a schematic diagram of the simulation is
given in Figure 14.
Essentially, the program computes the transport of photons entering
the atmosphere from the Sun in terms of the optical thickness measured ver-
tically from the ground plane. The optical depth of the slant path between
encounters with atmospheric constituents is taken to be a random number
with unit mean and an exponential distribution. For each encounter the
particular layer of the atmosphere in which it occurs is determined by
referencing the table of optical thickness as a function of altitude.
The next step is to determine whether the encounter is with an ozone
molecule, another molecule or an aerosol particle. This is performed using
a table of encounter probabilities for the constituents of the layer. The
encounter probability is the normalized product of the constituent cross-
section and its density in the layer. The importance of w 0 , the albedo
for single scattering, is apparent in this context since the probability
that the encounter is with an ozone molecule is simply 1-w 0 . A random
number with a rectangular distribution between 0 and 1 is generated and
this is cross-referenced with the probability table to select the appropriate
constituent.
If the encounter is with an ozone molecule we assume the photon is
absorbed and proceed to tracking a new incident photon. If the scatterer
is another molecule we assume Rayleigh scattering whereas if the scatterer
is an aerosol particle the scattering matrix elements are computed by
averaging Mie theory results over the size distribution.
Three particle size distributions are allowed. These are:
(a) Junge, n(D) = (v-l) D'O 1 D for D > D,
(80)
n(D) = 0 for D < DO;
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Figure 14 - Illustration of Monte Carlo method.
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y b(a+l)/Y Da- D Y1
(b) Deirmendjiam, n(D) = ++1 exp -b ) 81)
Y
6 D-D
(c) Log-normal, n(D) = exp -62 nDD
(D-DO) 'T m-DO
for D > D0 , (82)
= 0 for D < D O.
Here n(D)dD is the probability that the diameter, D , will lie in
the range D to D+dD . D O, v, a, y, b, 6 and Dm  are all constants dic-
tating the particular shape of the distribution. The Deirmendjiam and log-
normal distributions are more versatile than the Junge distribution, having
three parameters rather than two. In fact, the Junge distribution can be
fitted rather closely by either of the other two distributions with suitable
parameters. All size distributions above are normalized distributions.
When the nature of the scatterer (other than ozone) has been estab-
lished, we generate a series of hypothetical photons, one for each receiver
pointing direction. (Most receivers are placed on the ground plane but this
is not necessary.) At this point we compute the probability that a hypothe-
tical photon would be scattered into unit solid angle of the field of view
of each receiver and sample the Stokes vector which would be received if the
event did occur weighted by the probability of occurrence.
After sampling has occurred we return to treat the transport of the
real photon to the next scattering. If the real photon reaches the ground
plane we assume Lambertian reflection, and provided the surface albedo is
not zero, it is used to compute the Stokes vector of the reflected photon.
The photon tracking mechanism is terminated in one or four ways:
1) An absorption occurs.
2) The photon leaves the top of the atmosphere.
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3) At the ground plane if the surface albedo is zero.
4) The photon is found to have experienced more than a user
specified upper limit to the number of scatterings.
The calculation at this point reverts to the next incident photon.
After a specified number of incident photons have been treated, we
compute the average Stokes vector contribution for each receiver normalized
to an incident flux of 7 photons per unit area normal to the incident
beam. For the receiver pointing directly towards the sun we evaluate the
total intensity due to direct and scattered light for a number of receiver
fields of view.
Model Verification
Two sources of analytical results are available for the purposes of
20
checking the computations. Dave, Sekera and Coulson have computed the
Stokes parameters for a pure Rayleigh atmosphere and Dave and Furukawa2 1
have calculated the results for a realistic atmosphere including ozone for
all orders of scattering.
In Figures 15 and 16 we present comparisons of the results obtained
using a one layered version of the present program with those of Dave,
Sekera and Coulson. The Stokes parameters I and Q are plotted as a func-
tion of the cosine of the zenith angle, p', for an input flux of one photon
per unit area with a Stokes vector of (,0,0,0). The value, 7 , was chosen
so as to facilitate the comparison of the results with those of other
authors. The cosine of the solar zenith angle in both cases was p0=0.6.
Since only 1000 incident photons were involved in the test, the agreement
in the results is very satisfactory.
Examples of comparisons of the present results with those of Dave
and Furukawa are given in Figures 17 and 18. The discrepancy in the
intensity parameter can be attributed to the small difference in wavelengths
and rapid change of the ozone absorption cross-section in this region.
Overall, however, the agreement is perfectly acceptable. As expected, the
polarization agreement was even better, since this term is not dependent
on the ozone cross-section.
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Figure 15 - Parameter, I, as function of zenith angle for optical thickness=l.
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Figure 16 - Stokes parameter Q as function of zenith angle for optical thickness=l.
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Figure 17 - Comparison of present results with Dave and Furukawa.
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Figure 18 - Comparison of present results with Dave and Furukawa.
Discussion of Results
Using the model atmosphere presented above, we simulated radiative
transfer for each wavelength in the A, C and D lines. While we were
principally interested in the simulation of the Dobson spectrophotometer
operating in the direct Sun mode, the versatility of the sampling routine
allowed us to evaluate the intensity and polarization for zenith observa-
tions made at the ground and nadir observations made above the atmosphere
at the same time. Firstly, however, we shall discuss the results for the
direct Sun mode.
The parameter, N , defined in equation (78), was calculated as a
function of the receiver field of view using the sums of the direct and
scattered intensity components. The results are shown in Figure 19. It
can be seen that the effect of a finite field of view is to cause an under-
estimate of each of these parameters. It is relatively easy to show that
the intensity due to the ith order scattering can be written as
I. = K.T caIO exp (-ext )1 1 sca ext
where
K. is a constant depending mostly on the field of view,
Tsc a is the scattering optical thickness along the slant path to the
sun,
Tex t is the extinction optical thickness along the same path (absorp-
tion and scattering), and
I is the incident intensity.
Now the values of Ki for the upper and lower wavelength will probably be
nearly equal so that the relative effect of scattering can be estimated
from the scattering optical thickness. Although attenuation is much more
important at the lower wavelength of each line pair, it can also be seen
from Table 4 that the scattering optical thickness is greater at the lower
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Figure 19. N X as function of field of view for the A, C and D lines.
on
wavelength also. Thus scattering is relatively more important at the lowe,
wavelength and this accounts for the decay in NA, NC and ND  as the field
of view is increased.
Now the true value of total ozone in the atmospheric model could
readily be calculated by determining the total number of ozone molecules
over one square centimeter of surface and dividing by Loschmidt's number,
which is 2.69 x 10+19 cm -3 . This procedure yielded
X = 0.36567 atm. cm. (83)
Estimates of the total ozone, X , were computed as
X = (a-a') 1 NX~ - {(B-B') m + (6-6')sec z} (a-a')-i , (84)
where a is the mean ozone absorption cross section per atm. cm. and 3 and
6 are defined after equation (7) on page 14. The dash refers to the upper
wavelength of the wavelength pair. For zenith angles, 6, less than 600,
m and sec z may both be taken as 1, the secant of the zenith angle at
the ground so that this equation may be reduced to
X = A N x - - B , (85)
where AX and B are constants which may be derived from the average
ozone absorption cross-section and the molecular scattering cross-section.
Five cases were treated:
1) A lines
2) C lines
3) D lines
4) A-D lines
5) C-D lines
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It was found that when the coefficients of Table 1 which were taken from
reference 1 were substituted into (85) the computed values of X were sign-
ificantly in error even for small fields of view. This problem was traced
to a discrepancy between the mean cross sections given in Reference 1 and
those of the present model. The values of the mean cross sections for
ozone are computed in Table 5. When we reworked the analysis equations
using our average cross sections, which are compared with those of
reference 1 in Table 6, it can be seen that BCD and BAD are very small in
both cases so that line pair coupling practically eliminates the effects of
molecular scattering. We shall denote estimations made with the new coeffi-
cients as X 1 The difference between X and X 1 indicates the sensitivity
of the computed total ozone to the assumed model of ozone cross section as
a function of temperature.
In Figure 20 we present the percentage errors in XA, XC, XD and
X 1, , and X 1  in our simulation as a function of the field of view
when no aerosol is in the atmospheric model and.in Figure 21, we graph the
1 1
corresponding percentage errors in XAD, XCD, XAD and XCD It can be
seen that in this case scattering has very little effect on the results
since they are insensitive to the field of view. The percentage errors
in every X 1 tends to zero as the field of view goes to zero indicating
the validity of our analysis. Small errors occur in the X values,
however, emphasizing the difference between our model atmosphere cross
sections and those of Reference 2.
TABLE 5. COMPARISONS OF MEAN CROSS-SECTIONS OF OZONE
Modified
Wavelength Cross-Section (atm.cm.)-1 Cross-Section (atm.cm.)- I
3055 1.882 1.883
A lines
3254 0.120 0.147
3114.5 0.912 0.911
C lines
3324 0.047 0.041
3176 0.391 0.382
D lines
3398 0.017 0.013
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Figure 20. Percentage error in ozone estimation as a function of field of view.
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Figure 21. Percentage error in ozone estimation as a function of field of view.
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TABLE 6. COMPARISON OF ANALYSIS EQUATION COEFFICIENTS
Estimation AX (present) AX (Ref. 1) B (present) BX (Ref. 1)
A .5761 .5675 .066 .066
C 1.1487 1.156 .124 .127
D 2.710 2.673 .278 .278
A-D .7317 .7205 .012 .009
C-D 1.993 2.037 .006 .012
In Figures 22 and 23 we present results corresponding to those of
Figures 20 and 21, respectively, but with the aerosol included in the
atmospheric model. In this case the scattering effect is very noticeable
and causes the total ozone estimates to be reduced by a few percent.. This
can be explained in terms of the forward bias introduced into the scattering
by the aerosols. This considerably increases the chance that a scattered
photon will travel within the field of view of the receiver either after
single or multiple scattering. Multiple scattering was significant com-
pared to single scattering in all cases.
1 1
It should be noted that X and X CD have negligible errors for
small fields of view even when aerosol is present. It follows that the
procedure of coupling line pairs effectively eliminates both molecular and
aerosol attenuation from the analysis.
As a side calculation we evaluated total ozone from the computed
zenith sky intensity ratios using the charts given in Reference 1. The
results are tabulated for three cases in Table 7. It can be seen that
the effect of aerosol scattering was to cause an underestimation of the
correct ozone amount.
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Figure 22. Percentage errors in ozone estimation as a function of telescope field of view.
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Figure 23. Percentage errors in ozone estimations as a function of telescope field of view.
TABLE 7. TOTAL OZONE ESTIMATED FROM ZENITH SKY MEASUREMENTS
Case No. Estimated Value (atm.cms.) True Value (atm.cms.)
1 .360 .366
2 .340 .347
3 .343 .366
These results were estimated from NA-ND in each case.
1. Molecular and ozone
2. Molecular and ozone (ozone profile densities reduced by 5%)
3. Molecular, ozone, and Elterman aer6sol model
{cos (solar zenith angle) = 0.6}
In summary then, we have reached the following conclusions:
1) The coupling of line pairs (A,D) and (C,D) in the Dobson Spectro-
photometer analysis almost eliminates the effects of both molecu-
lar and aerosol attenuation; i.e., energy scattered out of the
beam. However, the effect of energy entering the beam due to
scattering can be neglected only for small fields of view (less
than about 50).
2) The analysis equations depend on the temperature profile around
22 kms. since this influences the average ozone cross-section
to be employed in the analysis.
3) Scattering effects are negligible when there is no aerosol. In
the presence of aerosol, however, scattering effects can contri-
bute errors in ozone estimates up to around 1% for fields of
-2
view around 1 - 2 steradians. For individual line pairs the
effect of scattering is always to cause an underestimate of the
total ozone, and when aerosols are present, multiple scattering
is as important as single scattering.
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4) The presence of aerosol can cause total ozone estimates by
the zenith sky ratio to be up to 10% low.
Design and Development of Monte Carlo Simulation of Radiative Transfer
Through A Spherical Shell Atmosphere
Based on the conclusions drawn from the plane-parallel model a Monte-
Carlo simulation program was written to investigate radiative transfer
through a layered spherical atmosphere. The details of the program are
given in the Appendix and a schematic diagram of the simulation is given
in Figure 24.
The surface of the earth is divided into a number of sampling annuli
by selecting several ranges of sun angles of interest. In considering
radiative transfer, sun angles up to 1000 are allowed in order to allow for
photons which may scatter back from beyond the terminator. The user will
be allowed to specify the sun-angle stratifications. Obviously, the
stratification density should be greatest around 900 since this is where
the greatest detail is required.
It is assumed that the vertical ozone profile is uniform over the
whole of the earth. Although this is not true for the real earth it will
provide adequate estimations of the error due to scattering since the only
requirement here is that there should be horizontal homogeneity over the
region contributing to the scattering phenomenon at the localized point.
Photons are incident into zones at the top of the atmosphere corres-
ponding to the sampling. We weight each sun angle stratification for the
purpose of incident photon selection according to the solid angle presented
to the sun by the associated zones.
The point of principal departure between this program and the program
for the plane-parallel model is that the receivers must be localized in the
sense that the sun angle must be specified. In practice, this is accom-
plished by averaging results for all the receivers in a given sun angle
range. Care must therefore be taken to select these ranges such that
significant changes in received light do not occur within any.given sun-
angle range.
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Figure 24 - Illustration of Monte Carlo method.
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Essentially, the program computes the transport of photons entering
the atmosphere from the sun in terms of the optical thickness measured
vertically from the ground. At each encounter the particular layer of the
atmosphere in which it occurs and the nature of the scatterer (molecular,
ozone or aerosol) are determined in the same way as for the plane parallel
model.
When the nature of the scatterer (other than ozone) has been estab-
lished, we generate a series of hypothetical photons, one for each receiver
pointing direction. (Most receivers are placed on the ground plane but
this is not necessary.) At this point we compute the probability that a
hypothetical photon would be scattered into unit solid angle of the field
of view of a zenith pointing receiver beneath the scattering point and
sample the Stokes vector which would be received if the event did occur
weighted by the probability of occurrence for the annulus beneath the
scattering point.
After sampling has occurred we return to treat the transport of the
real photon to the next scattering. If the real photon reaches the ground
we assume Lambertian reflection, and provided the surface albedo is not
zero, it is used to compute the Stokes vector of the reflected photon. The
photon tracking mechanism is terminated in one of five ways:
1) An absorption occurs.
2) The photon leaves the top of the atmosphere.
3) At the ground if the surface albedo is zero.
4) The photon is found to have suffered more than a user specified
upper limit to the number of scatterings.
5) The photon reaches a location where the sun angle is greater
than 1000
The calculation at this point reverts to the next incident photon.
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After a specified number of incident photons have been treated, we
compute the average Stokes vector contribution for each .receiver normalized
to an incident flux of r photons per unit area normal to the incident
beam. The number 7 is selected purely for convenience in matching the
results of the present model with published results for the plane parallel
case.
Conclusions
Our results show that in the model we have employed the total ozone
estimated using the standard equations for the direct sun mode of the
Dobson Spectrophotometer can be up to 15% greater than the correct value
depending on the receiver field of view. The overestimate is due to two
causes:
1) A discrepancy between our model of the ozone absorption cross-
section and that employed by Dobson. The results demonstrate
the sensitivity of the total ozone estimate to the assumed
variation of total ozone cross-section with temperature, and
the assumed vertical ozone and temperature profiles.
2) Single and multiple scattered radiation entering the receiver,
principally radiation scattered by aerosols. The effect of
scattering is to reduce the overestimation in our model.
The results for the zenith sky measurements show that in our model
the total ozone is overestimated by a few percent when aerosols are not
present but that the effect of single and multiple scattering by aerosols
is to reduce the ozone estimate so that the overestimation is reduced.
In all of the results considered we found that when aerosols were
present the effect of multiple scattering was as great if not greater than
that of single scattering. Thus a detailed investigation of the influence
of multiple scattering on the Umkehr experiment is necessary.
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Since large solar zenith angles can be involved in Umkehr measurements
it would be desirable to eliminate errors due to the earth's curvature. This
can be accomplished by constructing a spherical shell atmosphere and localiz-
ing the receivers. Although the variance in the results will be 
larger in
this model due to less frequent sampling, it is a perfectly feasible tech-
nique since the present program requires only minimal execution time. 
Such
a model is described in the previous section.
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APPENDIX
DESCRIPTION OF THE MONTE CARLO PROGRAMS AND ASSOCIATED ANALYSIS
INTRODUCTION
The Monte Carlo programs that have been written are designed to
investigate radiative transfer phenomena, including polarization effects.
Two separate programs have been prepared for two atmospheric geometries:
1) Plane-parallel atmospheric layers.
2) Spherical concentric layer boundaries.
Since many parts of the programs are identical, they will be discussed
together. Where differences exist, the appropriate paragraphs will be
prefaced by the numbers (1) or (2) assigned above. A schematic diagram
of the general program schemes (applicable to both cases) is given in
Figure 25 and each.step in the programs will now be discussed separately.
BOUNDARY CONDITIONS AND PHOTON INITIATION
The atmosphere is characterized by a series of parallel layers whose
locations are defined by the heights of their upper surfaces above the
ground plane. A photon enters the atmosphere through the upper surface of
the uppermost layer, with Stokes parameters (mi0 ,0,0,0) where p0 is the
cosine of the zenith angle of incidence (user specified).
The ground plane is taken to be the Z=0 plane and the incident
photon is assumed to enter in the (X,Z) plane and its Stokes parameters
defined with reference to this plane. The initial direction cosines are
(V102,0, -10
The atmosphere is characterized by a series of concentric spherical
shells whose locations are defined by the heights of their upper surfaces
above the ground plane. A photon enters the atmosphere through the upper
surface of the uppermost layer, with Stokes parameters (ma0 ,0,0,0). The
81
START
ESTABLISH BOUNDARY
CONDITIONS AND
COMPUTE THE RELEVANT
SCATTERING MATRIX
ELEMENTS
INITIATE A PHOTON
HISTORY AND ASSIGN
STOKES PARAMETERS
FIND POSITION OF THE
NEXT SCATTERING AND
THE DIRECTION COSINES
AFTER SCATTERING
COMPUTE CONTRIBUTION OF
SCATTERING TO MEASURED STOKES
VECTORS. INCREMENT NUMBER OF
SCATTERINGS BY UNITY AND COM-
PUTE NEW STOKES VECTOR. INCRE- NO AVE ANY
MENT STOKES PARAMETER BOUNDARIES
ACCUMULATORS. BEEN CROSSED
YES
INCREMENT RELEVANT
COUNTERS
NO AS HOTO YES TRA A FFI NO
PATH BEENE CIENT NULMBER OF
TORIES?
YES
OUTPUT STATISTICS
AND INTERPOLATION
RESULTS
Figure 25 -. Flow chart of Monte Carlo program
to simulate radiation transport.
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cosine of the zenith angle of incidence, 0 , is determined at random from
a quadratic distribution between 0 and 1. This provides unbiased samples
for a plane parallel incident wave front.
The center of the earth is taken to be the point (0,0,0) in a (X,Y,Z)
Cartesian system. The Z axis is taken to be in the direction of the sun
so that the sun angle, 0 , corresponding to a point (X,Y,Z) is given by
Z
cos 0 = , (86)
where
R = (X2+ 2 + 2 ). (87)
COMPUTATION OF THE SCATTERING OCCURRENCE
1) Since the computations are made in terms of the optical thickness from
the ground plane, this calculation is particularly easy. Suppose the photon
moves from an optical thickness, A , to a new optical thickness A . Let
p be a rectangularly distributed random number between 0 and 1 and CZ be
the Z direction cosine of the path.
Then
X1 = - C Z log e p . (88)
The altitude of the scattering occurrence may then be evaluated by
table look-up techniques, matching altitude and optical thickness. The
nature of the scatterer is then decided on the basis of the extinction cross
sections of the components of that layer using a random selection mechanism.
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2) In this case the calculation of the path length to a scattering is
much more complicated than for the plane parallel atmosphere case. The
reason for this is that a straight path will have varying lengths in
different spherical shell layers even though the layers may be uniformly
spaced.
Nevertheless, we retain the concept of computing the optical thick-
ness T to the next scattering by the relationship
T = -log e  p , (89)
where p is a rectangularly distributed random number between 0 and 1.
Since the optical thickness per kilometer (i.e., the extinction cross sec-
tion) in each layer will be known, all that will be necessary to find the
next scattering is the distance covered in each layer.
A schematic diagram of the situation is given in Figure 26. A
photon travels from P to Q between scatterings. P has coordinates
(X0,Y0,Z0) and Q has coordinates (X1,Y1,Z1 ). The (radius, sun angle)
coordinates for the points are (R0,8 0) and (R1 ,61) , respectively and the
direction PQ has the direction (U,V,W). The basic problem is the
following:
Compute (X1,Y,,Z 1 ) given (XO,Y 0,Z0) and (U,V,W) as well as T
The first step in the solution is to consider the plane containing
PQ and the origin 0. Two cases must be considered:
1) The photon begins travelling away from the earth.
2) The photon begins towards the earth. In this case it is possible
that the photon may graze the surface and start upwards again,
but it is much more likely to reach the earth assuming it is not
scattered again.
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Figure 26 - Illustration of computation of scattering occurrence
for the spherical geometry case.
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These two cases can then be discriminated by computing the angle
between (XO,Y 0,Z 0) and (U,V,W); i.e.,
R 0 cos 4 = (U X 0 + V Y0 + W Z0 ), (90)
where
1/2
R = (X 2 + Y2 0 ) . (91)
Cases (1) or (2) apply depending on whether this is positive or negative,
respectively.
For case (1) the distance covered in reaching a radius r. is
R. = r. 2 - R 2 sin 2 4 - Rcos , (92)
or using equation (90),
R. r - R sin 2 - (U X 0 + V Y + W Z 0 ) (93)
Thus the distance traversed in the layer r. to r. is
3 j+l
Rjj+ =  r 1 - A - r 2 A , (94)
where
A 
= R0  sin . (95)
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Similarly, the distance covered in going from R0 to ri where ri < R0
is
R = -R0 cos - - sin2 c , (96)
and the distance covered between ri  and ri+ 1  is
S=A 2 - A . (97)
R ,1+1 A+1 A
where A is as given above.
An important parameter here is the point of closest approach to the
origin (i.e., when p > /2). This is given by R0 sin ( and the distance
to the point is -R0 cos ( . If R0 sin ( is greater than the earth's
radius then escape is possible and the calculations, up to the radius R0
from the minimum altitude are the mirror images of those for the descending
photon.
The optical thickness of the slant path will be summed for each layer
in the transit of the photon. When this exceeds T a scattering is called.
The altitude of the scattering point can then be evaluated since we know
the layer in which it occurs. The nature of the scatterer is then decided
on the basis of the extinction cross sections of the components of that
layer using a suitably weighted random selection mechanism.
COMPUTATION OF A NEW STATE FOLLOWING A SCATTERING
The first computation at any scattering is that of the scattered
direction. The distribution of scattering angles, f(B) , is completely
arbitrary provided the scattering matrix elements are correctly normalized.
In the computations described here we always assumed that f(B) was pro-
portional to the S11 element of the scattering matrix. This will be
discussed in more detail below.
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The procedure for computing the scattered direction is exactly the
same as described in the earlier report. Since it is not published else-
where, however, we shall repeat the discussion here. Let (uI, V, , wI)
and (Us, Vs, Ws) be the direction cosines at the incident and scattered
photon relative to a fixed Cartesian coordinate system. The direction
cosine (ui, v, w I) are related to polar spherical angles 6I and I
by the relationships:
cos I = wI
2 1/2
sin = v (1 - w I ) , (98)
cos I = u (1 - w2 ) 1/2
The scattering angle 8 is computed from f(B) and an azimuthal angle
generated at random assuming a rectangular relationship between 0 and
27 . The polar spherical angles 8S and S of the scattered beam are then
estimated using the relationships:
cos 0S = cos I cos B - sin 0 sin B cos 4,
sin S = (*1 *2 + 43 44) 5',
cos S = (*1 4 
-2 *3) *5,
where
s1 = in 0I cos + cos 01 sin cos (, 99)
2 = sin I ,
*3 = sin B sin 4,
*4 = cos I'
-1 2 -1/2
5 (sin 8 ) = (1 - cos 2  -1/2
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The new direction cosines are then computed as:
uS = cos S sin eS '
v S = sin S sin OS , (100)
wS = cos S
The above relationships may readily be verified either by geometric con-
struction or by vector analysis. In writing the coding considerable care
was taken to eliminate computational redundancies since this part of the
program is used more often than any other part.
The next computation at this stage is the angle, X 2 , between the
current scattering plane and the previous scattering plane. The absolute
value of this angle can readily be obtained from the unit vector, n ,
normal to the scattering plane and the corresponding vector n1 for the
previous scattering plane using the relationship
1
cos X = n * n. (101)
In order to establish if X2  is positive or negative we must determine
whether the reference plane is being rotated clockwise or counterclockwise
when looking down the direction (ui, vi, wI). This done by testing to see
if n1 x n has the same direction as (ui, vi, wI). If this is true, then
the rotation is clockwise and X2 is positive. If not, then X 2 is
negative.
The Stokes vector SI of the incident beam is rotated so that it is
referenced to the scattering plane by premultiplying by the matrix
1 0 0 0
0 cos 2X2 sin 2X2 0 (102)
0 -sin 2X2 cos 2X2  0
0 0 0 1
89
The scattered beam Stokes vector, SS , is then computed using the
Mueller scattering matrix, normalized by the scattering angle distribution.
The scattered Stokes vector -in a given small solid angle dw is given by
S11 S12 0 0
dw
S = constant X S12 $22 0 0 SIS SI,
0 0 S3 3  S3 4  4
0 0 
-S34 S44
(103)
S S 2  0 011 12
constant X S12 S22 0 0 f(B) dw SI
f(B) 0 0 S3 3  S3 4  4 r
0 0 S34 S44
Expression (A-15) applies for a perfectly arbitrary distribution f(B).
Normally f(B) is taken to be S11 x a constant so that the first matrix
element is always unity. This procedure has the advantage that it minimizes
the variance in directions where the scattering is strongest without biasing
the solution.
The scattering matrix elements for Rayleigh scattering are
_ 3 2( + cos
11 22 4 (1 + cos
12 T
(104)
S33 = 44 cos ,
S3 4 = 0.
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SAMPLING PROCEDURE
Sampling takes place in both programs at each scattering. For each
receiving region at a scattering point we compute the angle, e , through
which a scattering must take place for sampling to occur, rotate the Stokes
vector to the appropriate plane, and multiply it by the normalized Mueller
matrix for the scattering angle. The normalized matrix elements incorporate
a weighting factor for a unit receiving area and unit solid angle. This is
then referenced by rotating to the reference plane of the receiver and
accumulating the individual elements for averaging later.
Normally we allow only a fixed number of potential samplings by
limiting the number of scattering each photon makes before termination.
This reduces inefficiencies due to computing the effects of distant
scatterings.
TECHNIQUE FOR HANDLING SURFACE ALBEDO
In considering techniques for handling surface albedo it is important
to retain a strong grasp of the physics of the situation at all times. The
assumptions of our model of surface reflection are as follows:
1) A constant fraction of the energy incident on the reflecting
surface is absorbed and the remaining fraction, A , is reemitted
into the scattering medium. A is assumed to be independent of
the direction of incidence.
2) The reflected radiation is completely depolarized and isotropi-
cally distributed within the half-space above the reflecting
plane.
These two assumptions govern the theory of the method we employ to compute
the effect of surface albedo. When a photon is incident on the reflecting
surface with a Stokes vector (I, Q, U, V) a new photon is injected into
the medium from the point of impact with a zenith angle 6 given by
cos e = -p (105)
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where p is a rectangularly distributed randum number between 0 and 1.
The azimuthal angle is selected randomly between 0 and 27 and the new
Stokes vector is assumed to be
S = (21A cos 6, 0, 0, 0). (106)
referenced to any plane containing the reflected direction. The cosine
term in the intensity parameter arises on account of Lambert's law, and
the factor, 2 , must be included since the average value of cos ® is
1
OPTIMIZATION OF THE PROGRAM EFFICIENCIES
Elimination of Redundancies. - Since a very large number of photon
paths must be simulated in order to yield results with reasonably small
variances, it is important to gain the maximum amount of information from
each path. This is the philosophy behind the utilization of more than one
sampling receiver and more than one initial Stokes vector.
Importance of Sampling. - This is a technique employed for reducing
variance by limiting the computations to the areas of most interest without
biasing the final estimates. This is employed as described above when the
scattering angle distribution is nuL-isotropic. The result of tracking
photons, assuming isotropic scattering in this case, is that most photons
soon have associated with them very small intensity parameters, and thus
do not yield significant contributions when sampled. This is not a serious
problem with Rayleigh scattering but can be very significant for Mie and
other scatterings by particulate matter. For this reason importance
sampling is employed throughout all the work described here.
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Antithetic Variates. - We apply the antithetic variate variance
reduction technique of Hammersley and Handscomb to generate photons with
behavior characteristics that correlate negatively with each other, thus
reducing the random error when the mean parameters are taken. The trans-
ports of two photons are simulated in parallel, the behavior of one being
described by the random number stream pi and the other by the sequence
1 - Pi . Unfortunately, since many of the-registering probabilities are
very small this method has only limited value, however.
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